Abstract. A technique is described which permits accurate temperature control and relatively rapid temperature changes (within about 2 min for 10~ changes between 10 ~ and 40 ~ C) of the solution perfusing the exposed surface of excised membrane patches. The simultaneous exchange of temperature controlled solution is also possible. Using the "sleeve technique", patches excised from cells in standard tissue culture dishes are removed to a separate chamber where temperature and solution are accurately controlled. This avoids two common limitations of existing temperature or solution control systems: (1) test solution contamination of the tissue perfusion solution which may impair cell viability and (2) the use of specialised chambers which are unsuitable for use with cultured cells. In the system described, temperature control is possible over the range of at least 4-40 ~ C. Desired temperatures can be preset to within approximately • 1 ~ C, and can then be controlled and measured to an accuracy of • 0.1 ~ C. At a constant temperature, the system enables rapid solution changes, the solution bathing the excised patch being exchanged in approximately 3 s.
Introduction
Since the introduction of single channel recording techniques (Hamill et al. 1981) , major objectives have been to develop sytems to permit the accurate temperature control and rapid exchange of the solution perfusing the exposed surface of excised membrane patches. Techniques for the control of either temperature or solution have been reported. However, most are not suitable for the control of both parameters and usually involve other limitations such as contamination of the cell perfusion solution by test solution or the use of specialised baths which are unsuitable for use with cultured cells.
Several solution switching techniques (e. g., Fenwick et al. 1982; Barrett et al. 1982; Yellen 1982; Brett et al. 1986; Kakei and Ashcroft 1987; Hering et al. 1987; Franke et al. 1987) are suitable for use with membrane patches obtained from cells in standard Petri dishes. However, none of these are easily amenable to accurate temperature control and most involve test solution contamination of the cell perOffprint requests to: P. H. Barry fusion solution which is often detrimental to cell viability. Continuous flushing reduces but does not eliminate this problem.
Rae and Levis (1984) described a twin bath system which achieves solution exchange without contaminating the cells. However, this is not suitable for use with cultured cells because these generally cannot be transferred to specialised baths.
Other techniques such as intrapipette perfusion (e. g. Lee et al. 1980; Cull-Candy and Parker 1983; Marty and Neher 1983 ) have other problems and are not amenable to accurate temperature control.
The use of lamps, heater coils or heated microscope stages would be suitable for the temperature control of cultured cells, but usually have a slow response time and are impractical for use with flowing solutions. Datyner et al. (1985) and Cannell and Lederer (1986) have described specialised baths which achieve accurate temperature control of tissue preparations but these would seem to be unsuitable for use with cultured cells.
In conclusion, no system has yet been described which provides accurate temperature control of membrane patches excised from cells in standard Petfi dishes. A system which involves the transfer of an excised membrane patch to a separate chamber where temperature and solution can be simultaneously accurately controlled would circumvent the problems associated with existing techniques. This is the basis of the method described in this report.
Methods
Overview of system operation. Figure 1 shows a schematic plan view of the system. Solution is gravity fed to the inputs of a three-way valve. Fluid output is then subject to temperature control by passing it through thin-walled small diameter tubing embedded in a heat exchanger. Small diameter tubing minimises the amount of test solution used and permits more efficient thermal transfer. Since the heat exchanger temperature is accurately controlled by a Peltier controller and solution flow rate is constant, the temperature of the solution flowing out of the heat exchanger is accurately and predictably controlled. Actual solution temperature is continuously recorded by a micro-thermistor. The patch pipette is transferred from the tissue perfusion solution into the temperature controlled stream where the single channel recordings are made.
The transfer of the patch pipette and excised patch into the temperature and solution control chamber presents two obvious difficulties. Firstly, the gigaohm seal is usually lost upon sustained exposure to air and secondly, the manoeuvring of the pipette into the mouth of a small diameter capillary must be accomplished outside the microscope visual field. The solution to the first problem was recently devised in this laboratory (Quartararo and Barry 1987) . Briefly, a sleeve of polythene tubing is placed over the patch pipette leaving the tip exposed. When an excised patch is obtained, the sleeve is pushed down over the tip. Upon removal of the patch from the cell perfusion solution, a drop of solution held by surface tension remains around the membrane patch.
The procedure by which the patch is then guided into the temperature controlled stream is shown schematically in Fig. 2 . Coating the pipette tip with black Sylgard (No. 170 Dow Corning, Midland, MI, USA) and placing a collar of white tubing around the rim of the tube aid the visibility of this process. As seen in Fig. 2 , the sleeve is automatically retracted by the positioning procedure and the end result is that the pipette tip remains in contact only with solution flowing directly from the mouth of the tube. The perspex drainage block is moun ted on a micromanipulator. This accurately controls the drainage tube exit height which acts as a syphon in controlling the chamber solution level. The salt bridge ground (not shown) is inserted through the small hole in the right side of this block and is passed through the drainage tube into the base of the chamber. Initially, the drainage block is raised and the chamber is filled. After an excised patch is obtained, the pipette is withdrawn from the cell perfusion solution by the "sleeve technique" (see text) and moved to the position indicated in step 1. The sleeve ofpolythene tubing is crimped so that it adheres firmly to the pipette and does not slip down the pipette under its own weight. The pipette is then lowered into the chamber (step 2). The whole temperature and solution control device is mounted on a one dimensional micromanipulator which at this point can be moved back or forth to compensate for variations in the length of the patch pipette. The sleeve now rests in a groove which acts as a guide. As the pipette is moved axially forwards (step 3), sleeve movement is impeded by a perspex shoulder. The pipette tip thus extends beyond the sleeve and is guided quite easily into the mouth of the tube. Sometimes slight vertical or sideways adjustment is required. The chamber is then drained by syphoning (step 4), which improves recording resolution and permits more accurate solution temperature measurement plate is mounted on a single dimension micromanipulator (part of a modified model M-2, Narishige Scientific, Tokyo, Japan), which permits backwards and forwards adjustment of the whole assembly.
The temperature and solution control chamber. The patch electrodes are mounted at an angle of 50 ~ to the horizontal. A scale drawing of the cross-sectional view of the chamber is given in Fig. 3 . Note that the drainage direction is into the page and not as shown diagrammatically in Fig. 2 . The chamber was machined from perspex and it is desirable to make the left hand "viewing" side from the smooth edge of a perspex block as this makes it easier to see the pipette in Fig. 3 . A cross-sectional view, drawn to scale, through the temperature and solution control chamber. Note that the drainage direction is into the page and not as indicated in Fig. 2 . The polythene perfusion tube is tilted upwards at the same angle (i. e. 50 ~ C) as the patch pipette the chamber. Brass bolts attach the chamber to the lower aluminium plate.
Because of the small electrical signals being measured and the electrical nature of the Peltier device, several precautions were taken to preclude salt bridge formation between the chamber and the aluminium plates. An overflow drainage system is incorporated in case the chamber floods (see Fig. 1 ). In addition, sandwiched between the chamber and the metal plates is a thin perspex sheet which extends from the sides of the chamber (see Fig. 3 ) to prevent stray drops of saline from forming a salt bridge to the metal plates. The perspex junction was filled with silicone sealant to prevent the possibility of saline creep.
Solution level in the chamber is controlled by a syphon system. The normal means of draining the chamber is by a 5 mm diameter hole drilled near the base of the chamber (see Fig. 3 ). Into this is inserted a length of 5 mm OD, 3 mm ID flexible silicone tubing (No. 800-500-200, Portex Ltd). The other end is inserted into a perspex block (see Fig. 2 ) which is mounted on a micromanipulator (another part of the same modified Narishige M-2). This accurately controls tubing height over the necessary range.
The chamber reference electrode system consists of a salt bridge containing General Mammalian Ringer (GMR) gelled with 4% agar which connects the chamber to a GMR bath. A GMR (plus 4% agar) Ag/AgC1 electrode is also inserted into the bath and a switching arrangement determines whether this or the cell culture dish reference electrode is connected to the patch-clamp amplifier ground. The salt bridge passes through the drainage block and the drainage tube and is inserted into the base of the same chamber as the patch pipette.
The thermistor for recording solutio n temperature in the chamber has a time constant of 5 sec and a diameter of 1.5 mm. It is too large to be placed with the pipette into the mouth of the stream and so is placed in the stream efflux as close as possible (< 3 mm) to the membrane patch.
Valve. A three-way 12 volt dc solenoid operated valve (Part
No 1-17-900, General Valve Corp, Fairfield, NJ, USA) is used to switch solutions. This has not developed the current leakage problems that were associated with other valves tested. Reservoirs contained 500 ml of solution. Solution flow rate was maintained at 9 ml -min-1 throughout this recording which is responsible for the progressively increasing disparity between the results of B and C as the solution was cooled. C Long term temperature profiles of solution in response to Peltier controller temperatures of 0, 10, 20, 30 and 40~ as reservoirs drained from full (500 ml) to empty. At warmer temperatures, the progressive decrease in solution flow rate caused the solution temperature to gradually increase. The cause of the high frequency transients on the 40~ trace is unknown Data recording and analysis. Standard patch-clamp techniques (Hamill et al. 1981 ) are used and measurements are made with an EPC-7 patch-clamp amplifier (List Medical, Darmstadt, FRG). Patch temperature is measured by thermistor as described above. The Wheatstone Bridge detecting circuit is linearised between 0.0-40.0~ and produces a corresponding output between 0.00-4.00 V. The thermistor was calibrated before use. Single channel and temperature data are recorded on an FM analogue tape recorder (Model 6504, Electrodata Associates, Sydney, Australia) and analysed off-line using an IBM PC/AT computer. Calibration correction is manually applied to temperature data.
Results

Solution flow rate
Solution reservoirs contain 500 ml of solution and are suspended at a standard height. Depending on reservoir pressure head and solution temperature, the flow rate varies between 6-9 ml. s-1. For a given temperature, solution flow rate decreases by 10-15% as the reservoirs deplete from full to empty. The effect of this on long term temperature control is considered below.
Heating and cooling performance
The Peltier controller was set at 5~ increments between 0~ and 40~ and the responses of the heat exchanger plates in attaining steady state temperatures from room temperature (19~ are shown in Fig. 4A . The corresponding solution temperature responses are given in Fig. 4B . Cooling to temperatures below about 8~ is slow and can be expedited by placing a small pack of crushed ice on the heat exchanger. However, this must be removed before the controlled temperature is attained to avoid competing with the Peltier unit for temperature control. Solution temperature might have been expected to drift as reservoirs depleted and solution flow rate declined. This was investigated by continually measuring solution temperature while reservoirs drained from full to empty. Figure 4C shows such responses when the Peltier controller was set at 0, 10, 20, 30 and 40~ The high frequency transients seen on the 40~ trace are small (_+0.2 ~ C) and slow compared to the thermistor time constant. In the 40~ trace, solution temperature increased from 39.0~ to 39.9 ~ C. At 30~ and 20~ progressively smaller increases were noted, while at 0~ and 10~ no effect was observed. Clearly, reservoir level should be considered when attempting to accurately set solutions to temperatures greater than ambient.
Peltier controller temperature is shown calibrated with heat exchanger temperature and solution temperature in Fig. 5 . Peltier temperature has a linear relationship with heat exchanger temperature over the range of interest. However, solution temperature changes slope at the point of intersection with the heat exchanger temperature (i. e. at 19 ~ C, room temperature, for these measurements). This can be explained by the increase in solution flow rate with temperature, which causes a progressive decline in thermal transfer efficiency. Similarly, thermal transfer efficiency is progressively increased when cooling.
Solution temperature is affected by ambient temperature. If solution temperature and heat exchanger temperature were to be equilibrated at a room temperature of, for example, 25 ~ C, the solution temperature would intersect the heat exchanger temperature at the point marked by the arrow. Hence, at 25~ the dotted line trace in Fig. 5 would be expected. This is drawn parallel to the empirically determined trace because the Peltier controller function is determined by temperature differential and is independent of absolute temperature. The two traces bracket the normal range of room temperatures in our laboratory and solution temperatures corresponding to intermediate ambient temperatures can be found by interpolation.
In conclusion, when presetting Peltier controller temperature, consideration must be given to the ambient tern- 
Solution switching performance
This was determined by switching the solution bathing an open patch pipette between 75 mM and 25 mM NaC1 and measuring the change in current induced by the change in liquid junction potential. As shown in Fig. 6 , this produced a lag time of ~ 2 s followed by a solution exchange time of 3 s. These times may be regarded as maximal since they were recorded for a solution flow rate of 6 ml 9 rain-~, the slowest encountered in practice. These times are slower than may be expected using a solenoid-operated valve and indicate that substantial solution mixing occurs in the length of tubing between the valve and the recording pipette position.
Patch survivability
Both patch transfer success rates and patch survivability times in the chamber can be maximised by observing three precautions. Firstly, the solution in the chamber should flow continuously throughout the process of inserting the pipette and patch. If a patch is inserted into a static solution it is often disrupted by the sudden commencement of flow. Secondly, the patch should not be subjected to large stepwise temperature changes. The third factor concerns the use of the sleeve technique. The patch should be placed as far below the surface of the cell perfusion solution as possible to maximise the distance from local effects induced by moving the sleeve into the solution. Close-fitting sleeves increase the likelihood of patch disruption, probably because solution does not flow into the sleeve until it is moved over the taper at the pipette tip. Wider sleeves, crimped if necessary, are preferred. The sleeve should also be passed as far as possible beyond the pipette tip to maximise the distance between the patch and the region of surface tension induced flow effects caused when moving between solutions.
Observing these precautions, we find that patch transfer success rates vary between preparations but are typically about 80%. Of these, about 50% survive for long enough (> 3 min) to produce useful recordings.
Example of application
An example of the use of this system is presented in Fig. 7 . The data were obtained from a single patch excised myotubes were prepared for patch-clamp recording using the methods described by Konigsberg (1979) . General Mammalian Ringer solution was used in the main cell bath, the pipette solution and the temperature controlled superfusion solution and contained (in mmol. 1-1): 140 NaC1, 5 KC1, 2 CaC12, 1 MgC12, 10 Na HEPES (pH 7.4). In addition, the cell bath contained 10 mM glucose and 0.1 gM TTX and the pipette solution 100 nM ACh from cultured chick embryo myotubes in the presence of 100 nmol 9 1-1 ACh for a net potential of +26 mV in symmetrical NaC1 solutions. The channel had a chord conductance at 22~ of ~ 305 pS (assuming a null potential of 0 mV) and an average Qlo for conductance of 1.2 between 22 ~ C and 38 ~ C.
Discussion
The particular advantage of this technique is that it enables accurate temperature control and relatively rapid temperature changes of the solution perfusing the exposed surface of excised membrane patches. It can also operate over a wider range of temperatures than previously reported systems (Datyner et al. 1985; Cannell and Lederer 1986) . The technique has a good success rate and involves only a negligible increase in the workload and skill of the patch-clamp operator. Unlike other temperature control system, it can be used with cells cultured in standard Petri dishes. The technique, as described here, was not optimised for rapid solution changes. If temperature control were not required, the solution control chamber could be placed directly at the valve output, which would dramatically increase the solution exchange rate. Furthermore, with appropriate modification to the solution switching mechanism, there is no reason why this system should not produce the millisecond range exchange rates reported by others (e.g. Brett et al. 1986; Kakei and Ashcroft 1987; Franke et al. 1987) .
